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Introduction {#eji4604-sec-0010}
============

Recently, the prevalence of allergic disease, such as atopic dermatitis, asthma, and allergic rhinitis, has increased in developed countries [1](#eji4604-bib-0001){ref-type="ref"}. These allergic disorders are characterized by inflammatory immune responses known as the T helper type 2 (Th2) responses in the allergic cellular cascade [2](#eji4604-bib-0002){ref-type="ref"}, [3](#eji4604-bib-0003){ref-type="ref"}, [4](#eji4604-bib-0004){ref-type="ref"}. Th2 cell‐derived cytokines, such as IL‐4, IL‐5, and IL‐13, induce an immunological cascade assembled by B cells, eosinophils, and mast cells, leading to increased IgE production, eosinophilia, and mucus hypersecretion [5](#eji4604-bib-0005){ref-type="ref"}, [6](#eji4604-bib-0006){ref-type="ref"}, [7](#eji4604-bib-0007){ref-type="ref"}. Accumulating evidence has indicated that DCs play an important role in the induction of inflammatory Th2 cells [8](#eji4604-bib-0008){ref-type="ref"}. Blood CD11c^+^ myeloid DCs (mDCs) are the direct precursors of epithelial Langerhans cells [9](#eji4604-bib-0009){ref-type="ref"}.

Epithelial cell‐derived thymic stromal lymphopoietin (TSLP) is a key cytokine that signals between epithelial cells and mDCs at one interface of allergic inflammation [10](#eji4604-bib-0010){ref-type="ref"}, [11](#eji4604-bib-0011){ref-type="ref"}. TSLP is highly produced by epithelial cells of the skin, lungs, and gastrointestinal tract in pathogenic conditions such as atopic dermatitis, bronchial asthma, and food allergy [12](#eji4604-bib-0012){ref-type="ref"}. TSLP‐stimulated mDCs can induce naïve CD4^+^ T cells to differentiate into inflammatory Th2 cells that produce IL‐4, IL‐5, IL‐13, and TNF‐α, but not IL‐10 [13](#eji4604-bib-0013){ref-type="ref"}, [14](#eji4604-bib-0014){ref-type="ref"}. One molecule responsible for this differentiation into inflammatory Th2 cells is OX40‐ligand (OX40L), which is expressed on the cell surface of TSLP‐stimulated mDCs [15](#eji4604-bib-0015){ref-type="ref"}. OX40--OX40L is known to be involved in various inflammatory diseases, such as asthma and atopic dermatitis [16](#eji4604-bib-0016){ref-type="ref"}, [17](#eji4604-bib-0017){ref-type="ref"}, [18](#eji4604-bib-0018){ref-type="ref"}. Additionally, TSLP equips mDCs with the capacity to produce TARC/CCL17 [19](#eji4604-bib-0019){ref-type="ref"}, which functions as a chemoattractant for memory Th2 cells, making them into the principal cells responsible for the maintenance of chronic allergic inflammation and the relapse of allergic inflammation upon re‐exposure to allergens [20](#eji4604-bib-0020){ref-type="ref"}, [21](#eji4604-bib-0021){ref-type="ref"}.

DC‐derived OX40L also plays a role in this process by contributing to the homeostatic expansion of allergen‐specific Th2 memory cells [19](#eji4604-bib-0019){ref-type="ref"}. These findings suggest that TSLP plays a critical role in the generation and maintenance of Th2 responses via activating DCs at the inflammatory sites, and that, notably, OX40L and CCL17 are key DC‐derived molecular components for triggering and maintaining allergic inflammatory cascades.

Statins, which are inhibitors of 3‐hydroxy‐3‐methylglutaryl‐CoA (HMG‐CoA) reductase, are usually prescribed to treat hypercholesterolemia. Recently, many studies have shown that statins have pleiotropic effects, including anti‐inflammatory or immunomodulatory effects, as demonstrated by the reduced rates of graft rejection in statin‐treated patients after heart transplantation [22](#eji4604-bib-0022){ref-type="ref"}, the beneficial effects of statins in autoimmune encephalomyelitis or MS [23](#eji4604-bib-0023){ref-type="ref"}, [24](#eji4604-bib-0024){ref-type="ref"}, the reduced leukocyte recruitment and edema formation induced by statins in animal models of acute inflammation [25](#eji4604-bib-0025){ref-type="ref"}, and the delayed disease progression induced by statins in the NZB × NZW murine model of systemic lupus erythematosus (SLE) [26](#eji4604-bib-0026){ref-type="ref"}. Recent studies have revealed that most of these effects are mediated via inhibiting the synthesis of isoprenoid intermediates, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), which are important lipid attachments for the intracellular signaling molecules Ras and Rho (small GTPases), in the mevalonate pathway [27](#eji4604-bib-0027){ref-type="ref"}. We previously showed that statins have the potential to repress type I IFN production by plasmacytoid DCs [28](#eji4604-bib-0028){ref-type="ref"} and therefore can be utilized as therapeutic agents to shut off the IFN‐mediated pathogenic spiral observed in some autoimmune diseases, e.g., SLE. Although statins have been reported to be useful in the treatment of allergic diseases such as asthma and atopic dermatitis [29](#eji4604-bib-0029){ref-type="ref"}, [30](#eji4604-bib-0030){ref-type="ref"}, [31](#eji4604-bib-0031){ref-type="ref"}, the immunological mechanism by which statins act on DCs remain largely unknown. Therefore, in the present study, we investigated the immunomodulatory effects of statins on human mDC‐mediated Th2 responses.

Results {#eji4604-sec-0020}
=======

Effects of statins on the viability and maturation of human mDCs {#eji4604-sec-0030}
----------------------------------------------------------------

Statins are known to have cytotoxic effects at high concentrations [32](#eji4604-bib-0032){ref-type="ref"}. Therefore, we first determined the viability of mDCs (isolated from blood PBMCs as shown in Supporting Information Fig. [1](#eji4604-fig-0001){ref-type="fig"}) in response to various concentrations of pitavastatin and simvastatin (1−100 µM) in the presence of TSLP by a trypan blue dye‐exclusion tests (Fig. [1](#eji4604-fig-0001){ref-type="fig"}A) and annexin‐V staining (data not shown). Although the highest tested concentration (100 µM) of both statins showed a cytotoxic effect on mDCs, statin concentrations of 1−10 µM did not affect the mDC survival. We next investigated the effect of statins on mDC maturation by measuring the expression of CD40, CD80, CD83, CD86, HLA‐DR, and programmed death ligand 1, known to be induced by the culture with TSLP or TLR‐ligand stimuli [15](#eji4604-bib-0015){ref-type="ref"}, [33](#eji4604-bib-0033){ref-type="ref"}. MFI of these markers remained unchanged in the presence of 1−10 µM of pitavastatin or simvastatin (Fig. [1](#eji4604-fig-0001){ref-type="fig"}B), indicating that the maturation of mDCs is not influenced by statins at these concentrations.

![Survival and maturation of TSLP‐stimulated mDCs in the presence of statins. Human mDCs were incubated for 24 h with TSLP and the indicated concentrations of statins. (A) After culture, viable cells were measured by a trypan blue dye‐exclusion test. (B) After culture, the expression of CD40, CD80, CD83, CD86, HLA‐DR, and programmed death ligand 1 on mDCs was analyzed by flow cytometry. Data indicate the MFI, which was calculated by the subtraction of the MFI for the isotype control‐treated cells from the MFI for the cells treated with the indicated mAb. One set of experiment was performed by DCs from one donor, and data are shown as the mean ± SEM of six independent donors (A and B). Statistical significance was determined using paired Wilcoxon signed‐rank test (\**p* \< 0.05), and the listed *p*‐values refer to the comparison between the data obtained without pitavastatin or simvastatin (as a control) and those obtained with each concentration of pitavastatin or simvastatin.](EJI-49-2051-g001){#eji4604-fig-0001}

Treatment of DCs with statins suppresses the Th2 induction that is mediated by TSLP‐stimulated DCs {#eji4604-sec-0040}
--------------------------------------------------------------------------------------------------

Because statins appear to possess the inhibitory effects for symptoms of allergic diseases [29](#eji4604-bib-0029){ref-type="ref"}, [31](#eji4604-bib-0031){ref-type="ref"}, [34](#eji4604-bib-0034){ref-type="ref"} as well as against inflammatory responses in preclinical studies [35](#eji4604-bib-0035){ref-type="ref"}, we next examined the inhibitory effects of pitavastatin and simvastatin on the DC‐mediated inflammatory Th2 response that triggers the upstream immune cascade associated with allergic responses. Naïve CD4^+^ T cells were cocultured for 7 days with allogeneic mDCs that had been pretreated with TSLP, TSLP + pitavastatin, or TSLP + simvastatin, and the cytokine production by the primed CD4^+^ T cells was then examined. We found TLR7/8‐ligand R848‐stimulated mDCs induced the differentiation of T cells that produced high levels of IFN‐γ, TNF‐α, and IL‐10, but not  of IL‐4, IL‐5, and IL‐13, indicating a dominant Th1 cell response (Fig. [2](#eji4604-fig-0002){ref-type="fig"}A), as previously reported [36](#eji4604-bib-0036){ref-type="ref"}. After the coculture with TSLP‐stimulated mDCs, naïve CD4^+^ T cells were differentiated into the T cells that produced high levels of IL‐4, IL‐5, IL‐13, and TNF‐α, but not IFN‐γ and IL‐10 (Fig. [2](#eji4604-fig-0002){ref-type="fig"}A). This cytokine profile is consistent with an inflammatory Th2 cell response; the addition of anti‐OX40L mAb into the DC−T cell cultures inhibited this inflammatory Th2 cell differentiation, as previously described [15](#eji4604-bib-0015){ref-type="ref"}, indicating that DC‐derived OX40L is responsible for inflammatory Th2 cell induction. Notably, addition of statins into mDCs precultured with TSLP also inhibited the production of IL‐4, IL‐5, IL‐13, and TNF‐α but promoted the production of IL‐10 by the generated T cells (Fig. [2](#eji4604-fig-0002){ref-type="fig"}A).

![Effect of statin treatment on the induction of inflammatory Th2 response by TSLP‐stimulated DCs. (A) Naïve CD4^+^ T cells were cocultured for 7 days with DCs that had been pretreated with medium alone, R848, TSLP, TSLP + 10 µM pitavastatin, TSLP + 10 µM pitavastatin + 100 µM MVA, TSLP + 10 µM simvastatin, or TSLP + 10 µM simvastatin + 100 µM MVA for 24 h. In some cases, anti‐OX40L mAb was added into the DC−T cell cultures. Cytokine production by the primed CD4^+^ T cells was assessed by measuring the levels in the supernatants. (B) Naïve CD4^+^ T cells were cocultured for 7 days with DCs that had been pretreated with TSLP, TSLP + 10 µM pitavastatin, and TSLP + 10 µM simvastatin. IL‐9 production by the primed CD4^+^ T cells was assessed by measuring the levels in the supernatants. (A and B) One set of experiment was performed by DCs from one donor and T cells from another allogenic donor. Data are the mean ± SEM of six (A) and eight (B) independent experiments. Statistical significance was determined using paired Wilcoxon signed‐rank test (\**p* \< 0.05).](EJI-49-2051-g002){#eji4604-fig-0002}

Because statins inhibit the synthesis of mevalonate (mevalonic acid, MVA), the metabolite downstream of HMG‐CoA (Fig. [3](#eji4604-fig-0003){ref-type="fig"}), MVA is the limiting step in the effect of HMG‐CoA reductase. To investigate whether the modulatory effects of statins are mediated by their actions as HMG‐CoA reductase inhibitors, we added MVA to the mDC preculture along with the statins. The suppressive effect of statins on the differentiation of inflammatory Th2 cells was neutralized by the simultaneous addition of MVA to the mDC preculture (Fig. [2](#eji4604-fig-0002){ref-type="fig"}A). The level of IFN‐γ secreted by T cells primed with TSLP‐stimulated mDCs was lower than that from T cells primed with R848‐stimulated mDCs, and the IFN‐γ levels were unchanged by the presence of statins in the DC preculture. This could be attributable to the scarce production of IL‐12 by TSLP‐stimulated mDCs [14](#eji4604-bib-0014){ref-type="ref"}, [15](#eji4604-bib-0015){ref-type="ref"}. Our findings suggest that statins have the potential to suppress the upstream response in the immune cascade of allergy.

![Schematic of the mevalonate pathway, showing the sites of action of statins and other inhibitors. Statins inhibit the conversion of 3‐hydroxy‐3‐methylglutaryl‐CoA (HMG‐CoA) to mevalonate and thus inhibit the downstream synthesis of not only cholesterol, but also isoprenoid intermediates, such as farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), which regulate posttranslational modifications of the small GTPase Ras and Rho families. Zaragozic acid A (ZAA), farnesyl transferase inhibitor FTI‐277, and geranylgeranyl transferase inhibitor GGTI‐298 block the synthesis pathways that split off from FPP in the mevalonate pathway. HA1077 blocks the pathway of Rho kinase (ROCK).](EJI-49-2051-g003){#eji4604-fig-0003}

Th9 cells are closely associated with Th2 cells and play pleiotropic and pathogenic roles in allergic inflammation [37](#eji4604-bib-0037){ref-type="ref"}. Also TSLP‐stimulated mDCs can induce the differentiation of Th9 cells [38](#eji4604-bib-0038){ref-type="ref"}. We here found that TSLP‐stimulated mDCs can instruct naïve CD4^+^ T cells into T cells producing IL‐9, while addition of statins into DC culture moderately but not significantly reduced the IL‐9 production by the primed T cells (Fig. [2](#eji4604-fig-0002){ref-type="fig"}B).

Statins inhibit maintenance of CRTH2^+^CD4^+^ Th2 memory cells induced by TSLP‐stimulated mDCs {#eji4604-sec-0050}
----------------------------------------------------------------------------------------------

CRTH2^+^CD4^+^ Th2 memory cells are important in the maintenance of Th2‐mediated atopic dermatitis, and TSLP‐stimulated mDCs induce the expansion of CRTH2^+^CD4^+^ cells through OX40L expression [19](#eji4604-bib-0019){ref-type="ref"}, [39](#eji4604-bib-0039){ref-type="ref"}, [40](#eji4604-bib-0040){ref-type="ref"}. Therefore, we next investigated whether statins are able to inhibit the expansion of CRTH2^+^CD4^+^ Th2 memory cells and the Th2 phenotype of CRTH2 cells maintained by TSLP‐stimulated mDCs. Purified CRTH2^+^CD4^+^ Th2 cells were cocultured for 7 days with allogeneic mDCs that had been pretreated with TSLP, TSLP + pitavastatin, or TSLP + pitavastatin + MVA. The resulting cell expansion and Th2 cytokine expression of the primed CRTH2^+^CD4^+^ Th2 cells were analyzed. We found that TSLP‐stimulated mDCs induced a robust expansion of CRTH2^+^CD4^+^ Th2 cells, with a sixfold increase in the total number of T cells compared with polyclonal stimulation with anti‐CD3 and anti‐CD28 antibodies, in agreement with findings from a previous report [19](#eji4604-bib-0019){ref-type="ref"}. In contrast, the addition of anti‐OX40L mAb into the DC−T cell cultures inhibited the expansion of CRTH2^+^CD4^+^ Th2 cells (Fig. [4](#eji4604-fig-0004){ref-type="fig"}A), indicating that the expansion of these memory cells requires for DC‐derived OX40L. Notably, mDCs precultured with TSLP + pitavastatin failed to induce CRTH2^+^CD4^+^ Th2 cell expansions, whereas the suppressive effect of pitavastatin was counteracted by the addition of MVA to the mDC preculture. Furthermore, we found that production of Th2 cytokine IL‐4, IL‐5, and IL‐13 from CRTH2^+^CD4^+^ Th2 cells induced by TSLP‐stimulated mDCs was significantly decreased by preculture with pitavastatin on the DCs, as well as the addition of anti‐OX40L mAb into the DC−T cell cultures (Fig. [4](#eji4604-fig-0004){ref-type="fig"}B). This suppressive effect of pitavastatin was also counteracted by the addition of MVA. Thus, the statin has the ability to quantitatively and qualitatively suppress the maintenance of the Th2 response induced by TSLP.

![Effect of statin treatment on maintenance of CRTH2^+^CD4^+^ Th2 memory cell induced by TSLP‐stimulated DCs. CRTH2^+^CD4^+^ T cells were cultured for 7 days with immobilized anti‐CD3 plus soluble anti‐CD28, or with allogeneic mDCs that had been pretreated with TSLP, TSLP + 10 µM pitavastatin, or TSLP + 10 µM pitavastatin + 100 µM MVA for 24 h. In some cases, anti‐OX40L mAb was added into the DC−T cell cultures. After culture, the cell numbers were measured via a trypan blue dye‐exclusion test (A). Cytokine production by the primed CRTH2^+^CD4^+^ T cells was assessed by measuring the levels in the supernatants (B). One set of experiment was performed by DCs from one donor and T cells from another allogenic donor, and data are the mean ± SEM of six independent experiments (A and B). Statistical significance was determined using paired Wilcoxon signed‐rank test (\**p* \< 0.05).](EJI-49-2051-g004){#eji4604-fig-0004}

These findings suggest that statins are able to suppress not only the induction but also the maintenance of the Th2 responses that stem from TSLP.

Statins inhibit TSLP‐induced OX40L expression by mDCs {#eji4604-sec-0060}
-----------------------------------------------------

In the DC‐mediated allergic response, OX40L represents a key molecule in the induction of inflammatory Th2 responses [15](#eji4604-bib-0015){ref-type="ref"}, [41](#eji4604-bib-0041){ref-type="ref"}, [42](#eji4604-bib-0042){ref-type="ref"}, [43](#eji4604-bib-0043){ref-type="ref"} and is responsible for Th2 memory cell expansion [19](#eji4604-bib-0019){ref-type="ref"}, [44](#eji4604-bib-0044){ref-type="ref"}. Therefore, we next examined whether statins can repress the TSLP‐induced OX40L upregulation on mDCs. As shown in Figure [5](#eji4604-fig-0005){ref-type="fig"}A and B, in agreement with the previous works [14](#eji4604-bib-0014){ref-type="ref"}, [15](#eji4604-bib-0015){ref-type="ref"}, TSLP induced upregulation of OX40L expression on mDCs. Notably, pitavastatin and simvastatin each significantly suppressed the expression of OX40L by TSLP‐stimulated mDCs (Fig. [5](#eji4604-fig-0005){ref-type="fig"}A; simvastatin data are not shown). We also found that the statin‐induced suppression of OX40L expression was counteracted by the simultaneous addition of MVA.

![Effect of statins on OX40L and CCL17 expression by TSLP‐stimulated DCs. (A−C) mDCs were treated with medium alone, TSLP, TSLP + 10 µM pitavastatin, TSLP + 10 µM pitavastatin + 100 µM MVA, TSLP + 10 µM simvastatin, or TSLP + 10 µM simvastatin + 100 µM MVA. OX40L expression on these mDCs was analyzed by flow cytometry after 48 h of culture (A and B), and the CCL17 secretion in supernatants after 24 h of mDC culture was analyzed by an ELISA (C). The staining profiles of anti‐OX40L mAb and isotype‐matched control are indicated by shaded and open areas, respectively, and results of a representative experiment are shown in six independent experiments (A). Data indicate the MFI, which was calculated by the subtraction of the MFI for the isotype control‐treated cells from the MFI for the cells treated with anti‐OX40L mAb (B). One set of experiment was performed by DCs from one donor, and data are shown as the mean ± SEM of six independent donors (B and C). Statistical significance was determined using paired Wilcoxon signed‐rank test (\**p* \< 0.05).](EJI-49-2051-g005){#eji4604-fig-0005}

Statins inhibit TSLP‐induced CCL17 secretion by mDCs {#eji4604-sec-0070}
----------------------------------------------------

TSLP‐stimulated mDCs secrete the Th2 cell‐attracting chemokine, CCL17 (TARC) [19](#eji4604-bib-0019){ref-type="ref"}, which contributes to the migration of memory Th2 cells at the inflammatory sites and is a clinical biomarker of atopic dermatitis [45](#eji4604-bib-0045){ref-type="ref"}; thus, they are largely responsible for chronic allergic inflammation. We next examined the effect of statins on the capacity of TSLP‐stimulated mDCs to secrete CCL17. Both pitavastatin and simvastatin significantly inhibited the CCL17 secretion from TSLP‐stimulated mDCs in a dose‐dependent manner (only 1 µM simvastatin showed a trend; Fig. [5](#eji4604-fig-0005){ref-type="fig"}C). We also found that the reduced CCL17 secretion induced by statins was recovered by the addition of MVA. This counter‐effect of MVA to statins confirms that the inhibitory effect of statins can be attributed to their role as an HMG‐CoA reductase inhibitor in the mevalonate cascade. These findings suggest that statins functioning as HMG‐CoA reductase inhibitors act as potent inhibitors of both OX40L and CCL17 expressions by TSLP‐stimulated mDCs.

Statins inhibit the activation of NF‐κB p50 and STAT6 {#eji4604-sec-0080}
-----------------------------------------------------

Arima et al. previously demonstrated that predominant p50 activation in the NF‐κB pathway triggered by TSLP is the determinant for OX40L upregulation, while STAT6 activation by TSLP is the responsible mechanism for inducing CCL17 production in mDCs [46](#eji4604-bib-0046){ref-type="ref"}. CCL17 expression has been observed to be positively regulated by STAT6 in epithelial cells, macrophages, and T cells [47](#eji4604-bib-0047){ref-type="ref"}. To assess whether statins modulate these processes in their inhibition of OX40L and CCL17 expressions, we next examined the intranuclear activation of NF‐κB p50 and STAT6 in mDCs in the presence or absence of TSLP, pitavastatin, and MVA.

The results from flow cytometry using Phosflow revealed that intranuclear pSTAT6 and NF‐κB p50 were each upregulated after 3 h of stimulation with TSLP (Fig. [6](#eji4604-fig-0006){ref-type="fig"}A and B). Virtualized intranuclear pSTAT6 of mDCs was brighter in cells subjected to TSLP stimulation than in cells cultured with control medium according to a single cell‐analysis by ImageStream X mark II (Fig. [6](#eji4604-fig-0006){ref-type="fig"}C). We also found that the TSLP‐driven induction of pSTAT6 and NF‐κB p50 were each inhibited by the addition of 10 µM pitavastatin. Furthermore, MVA counteracted the effect of this statin. Hence, pitavastatin suppresses TSLP‐induced CCL17 secretion through the inhibition of STAT6 phosphorylation and suppresses TSLP‐induced OX40L expression through the inhibition of NF‐κB p50 activation.

![Effect of statin treatment on the TSLP‐induced activation of STAT6 and NF‐κB p50. (A−C) mDCs were preliminarily treated with medium alone for 6 h to induce the upregulation of the TSLP receptor, and then TSLP, TSLP + 10 µM pitavastatin, or TSLP + 10 µM pitavastatin + 100 µM MVA was added to the DC culture. After 3 h, DCs were immediately fixed using a Cytofix/Cetoperm kit (BD biosciences) and stained with anti‐pSTAT6 mAbs (A) and anti‐NF‐κB p50 mAbs (B). The staining profiles produced by the indicated stimuli are shown by blue lines and those produced by medium alone as a control are shown by red lines (A and B). DCs were visualized at the single cell level via immunofluorescence with anti‐pSTAT6 mAbs (Alexa 488, green), nuclei staining with PI (orange), and surface staining with anti‐CD11c mAb (APC, red; C). One set of experiment was performed by DCs from one donor. Similar results were observed in four independent experiments, and the results of a representative experiment are shown.](EJI-49-2051-g006){#eji4604-fig-0006}

Statin‐induced suppression of OX40L and CCL17 can be attributed to inhibition of GGPP/ROCK pathway {#eji4604-sec-0090}
--------------------------------------------------------------------------------------------------

In the cholesterol biosynthesis, statins can inhibit the synthesis of isoprenoids (FPP and GGPP) and the resultant Ras and Rho GTPases, which are responsible for the pleiotropic effects of statins [27](#eji4604-bib-0027){ref-type="ref"}, [32](#eji4604-bib-0032){ref-type="ref"}, [48](#eji4604-bib-0048){ref-type="ref"} (Fig. [3](#eji4604-fig-0003){ref-type="fig"}). To assess the mevalonate pathway targets of statins during their inhibition of mDC expression of Th2‐related molecules, we compared the effects of the squalene synthetase inhibitor ZAA, the farnesyl transferase inhibitor FTI‐277, the geranylgeranyl transferase inhibitor GGTI‐298, and the ROCK inhibitor HA1077 with that of statins in the culture of mDCs with TSLP. We found that both GGTI‐298 and HA1077, but neither ZAA nor FTI‐277, mimicked the effect of statins on the TSLP‐stimulated mDCs in regard to their inhibition of OX40L expression (Fig. [7](#eji4604-fig-0007){ref-type="fig"}A and B) and CCL17 secretion (Fig. [7](#eji4604-fig-0007){ref-type="fig"}C). These findings suggest that statins inhibit inflammatory Th2 responses through a blockade of the GGPP‐ROCK branch in the mevalonate pathway.

![Inhibitors of GGPP/ROCK pathway mimic the effect of statins on the TSLP‐mediated OX40L and CCL17 expression by mDCs. (A and B) mDCs were treated with TSLP in the presence or absence of 5 µM ZAA, 5 µM FTI‐277, 5 µM GGTI‐298, or 20 µM HA1077 (HA). The OX40L expression on mDCs was analyzed by flow cytometry after 48 h of culture. The staining profiles of anti‐OX40L mAb and isotype‐matched control are indicated by shaded and open areas, respectively (A). Data indicate the MFI, which was calculated by the subtraction of the MFI for the isotype control‐treated cells from the MFI for the cells treated with anti‐OX40L mAb (B). One set of experiment was performed by DCs from one donor. The results of a representative experiment are shown (A) and data are shown as the mean ± SEM of six independent donors (B). (C) mDCs were treated with TSLP in the presence or absence of 5 µM or 50 µM ZAA, 1 µM or 5 µM FTI‐277, 1 µM or 5 µM GGTI‐298, or 5 µM or 20 µM HA1077 (HA). After 24 h, the concentrations of CCL17 in the culture supernatants were measured by ELISA assay. One set of experiment was performed by DCs from one donor, and data are shown as the mean ± SEM of six independent donors. Statistical significance was determined using paired Wilcoxon signed‐rank test (\**p* \< 0.05).](EJI-49-2051-g007){#eji4604-fig-0007}

Discussion {#eji4604-sec-0100}
==========

It has been reported that atorvastatin improved cough in patients with bronchiectasis [29](#eji4604-bib-0029){ref-type="ref"} and that statins reduce airway inflammation in asthmatics [31](#eji4604-bib-0031){ref-type="ref"}. Indeed, statin‐users achieved better asthma control compared with non‐users [34](#eji4604-bib-0034){ref-type="ref"}. These observations suggest that statins could be a potential anti‐inflammation treatment and are beneficial for patients with asthma. However, the cellular and molecular immunoregulatory mechanisms of statins have not been elucidated. In the present study, we clarified a cellular target and intracellular mechanism by which statins are useful for treating allergic diseases and act as an inhibitor of allergic inflammation.

Historically, the drugs for treating allergies have been focused on the associated effector cells, such as T cells, mast cells, and eosinophils [6](#eji4604-bib-0006){ref-type="ref"}, [7](#eji4604-bib-0007){ref-type="ref"}. These drugs include corticosteroids, chemical mediator‐antagonists, anti‐IgE antibodies [49](#eji4604-bib-0049){ref-type="ref"}, and soluble IL‐4 receptor α‐chains [50](#eji4604-bib-0050){ref-type="ref"}, which basically target the effector cells or factors of allergy. Recently, it has been reported that DCs play a critical role in the upstream phase of allergy [51](#eji4604-bib-0051){ref-type="ref"}, [52](#eji4604-bib-0052){ref-type="ref"}, [53](#eji4604-bib-0053){ref-type="ref"}, and TSLP is extremely important in this process as a trigger of the allergic inflammation cascade [10](#eji4604-bib-0010){ref-type="ref"}. mDCs that have been stimulated with TSLP can initiate the development and expansion of inflammatory Th2 cells through the expression of OX40L and can recruit memory Th2 cells through the CCL17 secretion [15](#eji4604-bib-0015){ref-type="ref"}, [19](#eji4604-bib-0019){ref-type="ref"}. Thus, OX40L and CCL17 are key molecules in triggering and maintaining the inflammatory Th2 response in the allergic cascade and could be new targets for the treatment of allergic diseases [54](#eji4604-bib-0054){ref-type="ref"}, [55](#eji4604-bib-0055){ref-type="ref"}, [56](#eji4604-bib-0056){ref-type="ref"}. Although there is evidence indicating that statins have anti‐inflammatory effects on macrophages or monocyte‐derived DCs [57](#eji4604-bib-0057){ref-type="ref"}, [58](#eji4604-bib-0058){ref-type="ref"}, there are no studies describing their effects on blood mDCs. In this context, our results showing that statins exert a cholesterol‐independent inhibitory effect on DC‐mediated Th2 responses and on OX40L/CCL17 inductions from DCs through a blockade of NF‐κB p50 and STAT6 activation confirm that statins could be useful in the treatment of allergic disorders by targeting DCs.

The polarization of Th9 cells requires the cytokines both IL‐4 and TGF‐β [59](#eji4604-bib-0059){ref-type="ref"}. However, a common consensus has not been reached regarding the involvement of OX40L in Th9 differentiation. OX40L leads to an increase in Th9 differentiation from naïve CD4^+^ T cells [60](#eji4604-bib-0060){ref-type="ref"}, [61](#eji4604-bib-0061){ref-type="ref"}. In contrast, Froidure et al. reported the TSLP‐driven development of Th9 cells does not depend on OX40L [38](#eji4604-bib-0038){ref-type="ref"}. From our findings as statins inhibited OX40L expression on DCs and moderately suppressed IL‐9 induction from generated T cells, OX40L appears to be involved in Th9 polarization. Since addition of statins on DC culture simultaneously inhibit T cell‐derived IL‐4 in the T cell differentiation, it is possible that Th9 differentiation is suppressed through the IL‐4 downregulation.

It has been demonstrated that the molecular mechanism underlying the immunomodulatory effect of statins is largely due to the inhibition of Rho/ROCK [62](#eji4604-bib-0062){ref-type="ref"}. Additionally, our results showing that both GGTI‐298 and ROCK inhibitor mimicked the inhibitory function of statins suggest that statins exhibit their immunomodulatory effect on DCs by targeting geranylgeranylated Rho and the Rho kinase pathway as illustrated in Figure [3](#eji4604-fig-0003){ref-type="fig"}. Our result is consistent with those of recent studies showing that ROCK inhibitors improve asthma symptoms by suppressing airway hyperresponsiveness and attenuating allergic airway inflammation [63](#eji4604-bib-0063){ref-type="ref"}, [64](#eji4604-bib-0064){ref-type="ref"}, and that a ROCK inhibitor reduces mucous secretion and downregulates the levels of IL‐4 and IL‐13 in OVA‐challenged mice by regulating STAT6 and NF‐κB [65](#eji4604-bib-0065){ref-type="ref"}.

In conclusion, our study may provide insights into the possibility of applying statins as an option for the supportive treatment of allergic diseases. Statins work as an inhibitor of the DC‐mediated Th2 response to induce allergic inflammation regardless of TSLP functions. Based on the new concept of targeting the upstream phase rather than the effector phase of the immunological allergic cascade, our results confirm the curative effect of statins and also indicate that a new strategy of targeting to OX40L and CCL17 may be plausible for the treatment of allergic diseases.

Materials and methods {#eji4604-sec-0110}
=====================

Media and reagents {#eji4604-sec-0120}
------------------

RPMI‐1640 supplemented with 2 mM [l]{.smallcaps}‐glutamine, 100 U/mL penicillin, 100 ng/mL streptomycin, and 2% heat‐inactivated human AB serum was used for cell cultures throughout the experiments. TSLP (R&D Systems) and R848 (Invivogen) were used at 15 ng/mL and 1 µg/mL, respectively. Pitavastatin (Kowa), simvastatin (Calbiochem), HA1077 (Calbiochem), and mevalonate (Sigma) were each dissolved in anhydrous ethanol. FPP (Calbiochem) and GGPP (Calbiochem) were each dissolved in methanol. FTI‐277(Calbiochem) and geranylgeranyl transferase inhibitor 298 (GGTI‐298) (Calbiochem) were each dissolved in DMSO. Zaragozic acid A (ZAA; Squalestatin) (Sigma) was dissolved in distilled water. Ethanol, methanol, DMSO, and distilled water were each diluted as vehicle controls.

Isolation and culture of blood DCs {#eji4604-sec-0130}
----------------------------------

All studies involving human samples were performed following institutional review board approved protocols at Kansai Medical University through which informed consent was obtained. All subjects gave written informed consent in accordance with the recommendations of the International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki.

Human peripheral blood DC subsets (mDCs and plasmacytoid DCs) and T cells were isolated from PBMCs of total ten healthy adult donors without allergy (Supporting Information Table SI), as described previously [36](#eji4604-bib-0036){ref-type="ref"}, [66](#eji4604-bib-0066){ref-type="ref"}. Briefly, PBMCs from normal healthy donors were isolated by Ficoll Hypaque density gradient centrifugation, and the DC‐enriched PBMCs were isolated from the total PBMCs by immunobeads‐selection methods (CD3‐ and CD14‐beads negative selection and subsequent CD4‐beads positive selection). The CD11c^+^/lineage^−^/BDCA4^−^/CD4^+^ fraction (considered to be the mDCs) was sorted using a FACS Aria® (BD Biosciences) using PE‐labeled anti‐CD304 (AD5‐17F6: BDCA‐4; Miltenyi Biotec), allophycocyanin (APC)‐labeled anti‐CD11c (B‐ly6: BD Biosciences), a mixture of FITC‐labeled monoclonal antibodies (mAbs) against lineage markers (CD3 \[M2AB: Exalpha\], CD14 \[M5E2: BD Biosciences\], CD15 \[M5E2: BD Biosciences\], CD16 \[J5511: Exalpha\], CD19 \[HIB19: BD Biosciences\], and CD56 \[NCAM16.2: BD Biosciences\]), and PE‐Cy5.5‐labeled anti‐CD4 (RPA‐T4: BD Biosciences; Supporting Information Fig. [S1](#eji4604-supl-0001){ref-type="supplementary-material"}). Purified mDCs were seeded at a density of 5 × 10^4^ cells per 200 µL of medium in flat‐bottomed 96‐well plates.

Purification of naïve CD4^+^ and CRTH2^+^CD4^+^ memory T cell subsets {#eji4604-sec-0140}
---------------------------------------------------------------------

Naïve CD4^+^ T cells were isolated using a naïve CD4^+^ T cell isolation kit II (Miltenyi Biotec) according to the manufacturer\'s instructions, reaching \>94 % purity; this was confirmed by PE‐labeled anti‐CD45RA (HI100: BD Biosciences), FITC‐labeled CD3, and PE‐Cy5.5‐labeled anti‐CD4 staining. CRTH2^+^ CD4^+^ memory T cells were isolated using a CD294 (CRTH2) MicroBead Kit (Miltenyi Biotec) according to the manufacturer\'s instructions, followed by cell sorting using an FACS Aria^®^ using PE‐labeled anti‐CD294 (BM‐16: Miltenyi Biotec) and PE‐Cy5.5‐labeled anti‐CD4.

Analysis of DCs {#eji4604-sec-0150}
---------------

mDCs were stained with FITC‐labeled anti‐CD40 (5C3: BD Biosciences), FITC‐labeled anti‐CD80 (2D10: BioLegend), FITC‐labeled anti‐CD83 (HB15a: Beckman Coulter), FITC‐labeled anti‐CD86 (2331: BD Biosciences), FITC‐labeled anti‐CD274 (programmed death ligand 1) (MIH2: BioLegend), or PE‐labeled anti‐HLA‐DR (TU36: BD Biosciences) after 24 h of culture and with PE‐labeled anti‐OX40L (ANC10G1: Ancell) after 48 h of culture, then analyzed using a FACS Calibur (BD Biosciences). Isotype‐matched mAbs (R&D Systems) were used as negative controls. Viable cells were counted in triplicate using trypan‐blue exclusion to identify dead cells and were also evaluated as annexin V‐negative fractions using an annexin V‐FITC Apoptosis Detection kit (Sigma--Aldrich) after 24 h of culture. The production of CCL17 in the culture supernatants after 24 h was determined by ELISA (R&D Systems). To evaluate intracellular phosphorylated (p) STAT6 and NF‐κB‐p50, mDCs were preliminarily cultured for 6 h with medium alone to induce upregulation of the TSLP receptor, and then stimulated with TSLP ± statins for 3 h, after which the cells were immediately fixed using a Cytofix/Cytoperm kit (BD biosciences) and stained using Alexa 488‐labeled anti‐NF‐κB‐p50 (4D1: BioLegend) and Alexa 488‐labeled or PE‐labeled anti‐phospho‐stat6 (18/P‐Stat6: BD Biosciences). The stained cells were then analyzed using a FACSCalibur and visualized by ImageStream X mark II (Merck Millipore). In some experiments, PI was used for nuclei staining.

DC--T cell coculture {#eji4604-sec-0160}
--------------------

After 24 h of culture under different conditions, CD11c^+^ mDCs were collected and subsequently cocultured with 2 × 10^4^ freshly purified allogenic naïve CD4^+^ T cells (DC‐to‐T cell ratio, 1:4) or 1 × 10^4^ freshly purified allogeneic CRTH2^+^CD4^+^ Th2 memory cells (DC‐to‐T cell ratio, 1:2) in 96‐well round‐bottom culture plates. In some experiments, anti‐OX40L mAb (ik‐5: 50 µg/mL) was used [15](#eji4604-bib-0015){ref-type="ref"}. Mouse IgG2a and goat IgG (R&D Systems), and PBS were used as controls.

Analyses of T‐cell cytokine production {#eji4604-sec-0170}
--------------------------------------

After 7 days of DC−T cell coculture, the primed CD4^+^ T cells were collected and washed. For the detection of cytokine production in the culture supernatants, the T cells were re‐stimulated for 24 h with immobilized anti‐CD3 (OKT3, 5 µg/mL) and soluble anti‐CD28 (1 µg/mL) at a concentration of 10^6^ cells/mL. The levels of IL‐4, IL‐5, IL‐9, IL‐10, IL‐13, TNF‐α, and IFN‐γ were each measured by ELISA (R&D Systems) and CBA (BD Biosciences).

Analyses of T‐cell expansion {#eji4604-sec-0180}
----------------------------

Using freshly isolated CRTH2^+^CD4^+^ Th2 memory cells (purity, \>99%), and 2 ×  10^4^ T cells were stimulated for 7 days with immobilized anti‐CD3 (OKT3, 5 µg/ml) and soluble anti‐CD28 (1 µg/ml) or with DCs that had been precultured under one of several conditions. The cultured T cells were then collected and resuspended in an EDTA‐containing medium to dissociate the clusters. Viable cells were counted by trypan blue exclusion of the dead cells.

Statistical analysis {#eji4604-sec-0190}
--------------------

Data were analyzed using Wilcoxon signed‐rank test (nonparametric test), and *p*‐values of \< 0.05 were considered statistically significant. Data analysis was carried out using GraphPad Prism (GraphPad Software).
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FPP

:   farnesyl pyrophosphate

GGPP

:   geranylgeranyl pyrophosphate

HMG‐CoA

:   3‐hydroxy‐3‐methylglutaryl‐CoA

mDC

:   myeloid DC

MVA

:   mevalonic acid

Ox40‐L

:   OX40‐ligand

SLE

:   systemic lupus erythematosus

Th2

:   T helper type 2

TSLP

:   thymic stromal lymphopoietin
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###### 

Supplementary Figure S1. Isolation of blood mDCs. Blood mDCs were detected and isolated as CD11c‐positive and BDCA‐4‐negative population in the lineage (CD3, CD14, CD15, CD16, CD19, and CD56)‐negative and CD4‐positive fraction in DC‐enriched PBMCs after immunobeads‐selection methods (CD3‐ and CD14‐beads negative selection and subsequent CD4‐beads positive selection) from the total PBMCs. A representative FACS analysis to detect mDCs in PBMCs from ten healthy donors was shown. Indicated numbers are the percentages of gated fraction. FSC; forward scatter, SSC; side scatter.
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Click here for additional data file.

###### 

Supplementary Table SI Characteristics of donors for isolation of mDCs or T cells

###### 

Click here for additional data file.
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